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We hypothesized that it would be possible to detect the distribution of cortical activation by using a sensitive, rapid,
high-resolution infrared imaging technique to monitor changes in local cerebral blood flow induced by changes in focal
cortical metabolism. In a prospective study, we recorded in 21 patients the emission of infrared radiation from the
exposed human cerebral cortex at baseline, during language and motor tasks, and during stimulation of the contralateral
median nerve using an infrared camera (sensitivity 0.02°C). The language and sensorimotor cortex was identified by
standard mapping methods (cortical stimulation, median nerve somatosensory-evoked potential, functional magnetic
resonance imaging), which were compared with infrared functional localization. The temperature gradients measured
during surgery are dominated by changes in local cerebral blood flow associated with evoked functional activation. The
distribution of the evoked temperature changes overlaps with, but extends beyond, functional regions identified by
standard mapping techniques. The distribution observed via infrared mapping is consistent with distributed and complex
functional representation of the cerebral cortex, rather than the traditional concept of discrete functional loci demon-
strated by brief cortical stimulation during surgery and by noninvasive functional imaging techniques. By providing
information on the spatial and temporal patterns of sensory-motor and language representation, infrared imaging may
prove to be a useful approach to study brain function.
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Although usually presented as a measure of neuronal
activity, functional imaging techniques, including
positron emission tomography, functional magnetic
resonance imaging (fMRI), and optical intrinsic imag-
ing, measure either the rate of consumption of an en-
ergy substrate (glucose, oxygen) or neurophysiological
responses to such consumption (rate of local cerebral
blood flow [CBF]). Cortical regions of increased func-
tional activity also are identified by energy released in
the form of electrogenesis (action potentials) or intrin-
sic production of heat. Correlation of the timing and
localization of heat production of brain structures to
functional activation has been previously examined.1

Thermocouples have been used to measure
stimulation-induced temperature shifts during presen-
tation of visual, somesthetic, and auditory stimuli.2–4

However, thermocouples compress adjacent vessels,
modifying CBF-dependent local heat dissipation, and
the studies are inconclusive for location of temperature

foci, its spatial heterogeneity, and location of function.
Gorbach mapped stimulation-induced temperature re-
sponses in the brain using infrared imaging through
the animal scalp and correlated stimulation of rat whis-
kers with localization of the cortical temperature re-
sponses.5,6 However, these experiments did not deter-
mine if the detected shifts in brain temperature were a
result of changes in neuronal metabolism or cerebral
blood flow.

We hypothesized that evaporation from the exposed
brain would increase the rate of heat dissipation, en-
hancing discrimination of local thermal gradients and
the capacity to localize cortical activity by neuronal
heat production or by the increased capillary blood
flow that is tightly linked regionally and temporally to
increased neural firing.7,8 Success would allow precise
imaging of cortical functional activation in time and
space.
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Materials and Methods
Patients
Twenty-one adults (8 women, 13 men, aged 21–68 years)
whose surgery would expose cortical regions amenable to in-
traoperative functional mapping were eligible for this pro-
spective study (protocol 96-N-0093). The need for surgery
was established independently using conventional clinical in-
dications. Local anesthesia with intravenous sedation (fenta-
nyl, midazolam, and propofol) was chosen for 16 patients
undergoing intraoperative speech mapping, somatosensory-
evoked potential (SSEP) mapping, and infrared (IR) imag-
ing. Five patients received surgery under general anesthesia,
and SSEP mapping and IR imaging were performed. General
anesthesia was induced with propofol; maintenance anesthe-
sia included fentanyl, cisatracurium, oxygen, nitrous oxide,
and isoflurane. Isoflurane was discontinued before testing.
Twenty patients had brain tumors and one had had medi-
cally intractable epilepsy (Table).

Infrared Imaging
An advanced digital IR camera (Infrared Focal Plane Array
camera, Lockheed Martin IR Imaging Systems, Goleta, CA)

was used to image local temperature gradients across the ce-
rebral cortex by passively detecting IR emission. As IR emis-
sion at the measured wavelength (3–5�m) is directly propor-
tional to temperature, the camera was calibrated in units of
temperature. It has a sensitivity of 0.02°C. One hundred im-
ages (256 � 256 pixels) were obtained at intervals of 14 to
600 milliseconds and digitized at 14 bits per pixel. The cam-
era was placed 10 to 30cm above the exposed brain surface
to achieve a field of view that fit the area of the cortex ex-
posed (35 � 35mm to 100 � 100mm), producing spatial
resolution for individual pixels of 100 � 100�m to 350 �
350�m.

The camera was attached to a ceiling mount for an oper-
ating room light and covered with sterile draping. After cool-
ing the camera detector and loading a previously stored two-
point temperature calibration file into the computer, the
camera was ready. With the camera positioned with the
plane of the lens parallel to the plane of the exposed brain
sequential, digital images were taken. Automated image ac-
quisition started at the same point in the respiratory and car-
diac cycles to reduce the effects of physiological motion.

Background IR imaging (two to three trials per patient)

Table. Correlation of Infrared Results with Standard Methods of Cortical Localization

Patient
No.

Age
(yr)/
Sex Side Location Anesthesia Pathology

Comparison of Infrared with Standard Methods

Sensory Cortex
Motor Cortex
Stimulation

Language
StimulationSSEP Stimulation

1 50/F R Inferior fron-
tal

Local Oligodendroglioma B B B B C B

2 21/F L Temporal Local Oligodendroglioma B A A B A A B
3 50/M R Frontal General Glioblastoma multiforme A B B B B B
4 58/M L Parasagittal

frontal
Local Oligodendroglioma/astrocy-

toma
B A A A B B B B B

5 68/M R Frontoparietal Local Glioblastoma multiforme A B A B A B B B B
6 48/M R Temporopari-

etal
General Oligodendroglioma/astrocy-

toma
B B B A B B

7 30/M L Parietal Local Anaplastic oligodendroglioma A C B A B A A C B
8 35/M R Temporopari-

etal
Local Glioblastoma multiforme B B B

9 55/F R Frontoparietal Local Glioblastoma B A B B B B C B B
10 27/M L Frontal Local Anaplastic astrocytoma B A B C B B B C B B
11 63/M R Parietal Local Astrocytosis/radiation necro-

sis
B C Ba C B C B B B

12 39/F R Parietal Local Metastatic melanoma C B Ba C A B A B B
13 30/M L Temporal Local Anaplastic oligodendroglioma A A A B A A B B B C
14 24/F L Temporal Local Oligodendroglioma A B A B
15 47/M L Temporopari-

etal
General Oligodendroglioma A B A B B B

16 68/M L Temporal Local Glioblastoma B
17 29/M L Frontal Local Glioblastoma C A Bb B C C
18 48/F R Frontalpari-

etal
Local Metastatic colonic adenocar-

cinoma
B B B B A B A B B

19 40/M L Frontotempo-
ral

General Medically intractable epilepsy B A A A B B

20 30/F R Parietalfrontal
lobe

Local Giant cell glioblastoma A B B B B B

21 43/F L Frontoparietal General Falx meningioma A B A C A B

aOnly sensory cortex.
bOnly motor cortex was identified with SSEP.

A � IR focus within; B � IR focus partially inside; C � IR focus outside the circle indicated by standard localization; SSEP � somatosensory-
evoked potentials; R � right; L � left.
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was performed by acquisition of spontaneous IR emission for
1 minute. Imaging was repeated during functional tasks (pa-
tients receiving local anesthesia) and during median nerve
stimulation (local and general anesthesia); three trials were
performed for sensory and motor functional tests and one
trial for the language tests (1.5–2.0 minutes intertrial dura-
tion). The motor tasks (11 patients) were finger tapping and
serially squeezing a ball, initiated 12 to 16 seconds after be-
ginning acquisition of IR images (data acquisition, 36.4 sec-
onds) and continued for 10 to 15 seconds at 1 to 4 per
second. Contralateral median nerve stimulation (model
S8800; Grass Instrument, W. Warwick, RI) was initiated af-
ter beginning acquisition of IR images (acquisition time,
1.4–15.4 seconds) using standard parameters (0.3 millisec-
onds monophasic pulses at 4Hz; 3–10mA). Verbal tasks (six
patients) consisting of naming objects on a slide every 5 sec-
onds (commonplace objects, alternating with “AND”) were
initiated 2 to 5 seconds after beginning IR image acquisition
(data acquisition, 36.4–60 seconds). For documentation,
digital photographs were obtained before and after SSEP,
and cortical stimulation tickets were placed on the cortex.

Standards for Intraoperative Cortical Localization
The standards for location of the somatosensory cortex were
cortical SSEP mapping in response to contralateral median
nerve stimulation (21 cases; 15 with results adequate to lo-
calize the central sulcus, 2 results adequate to identify the
sensory cortex, 3 cases inadequate for cortical localization)
and elicitation of sensation by cortical stimulation (16 local
anesthesia cases). Motor cortex localization was by elicitation
of a motor response to cortical stimulation (11 cases). Local-
ization of language/speech cortex was by speech arrest and
anomia during intraoperative cortical stimulation9,10 using
tasks identical to language tasks during IR recording (six
cases). Bipolar (5mm between tips) cortical stimulation (50/
second, 2–12mA) was with an electrical stimulator (Grass
model 2; Grass Instruments); 4 to 8mA was necessary for a
response. A 16-channel electroencephalogram recorder mon-
itored after-discharges. If after-discharges occurred, further
stimulation was delayed until they abated spontaneously or
disappeared after cortical irrigation with cooled Ringer’s lac-
tate.11 Each stimulation train was limited to 2 to 4 seconds.
Motor response, speech arrest, sensations, and experiences
were documented. Based on the results, tickets were placed
over each stimulation site (central point between the elec-
trode tips).

Functional Magnetic Resonance Imaging
Preoperative fMRI of 13 patients were performed during fin-
ger tapping (sensorimotor task). Four scans could not be an-
alyzed because of noise (head motion in patients with brain
tumors). Patients were asked to touch their fingers (starting
with the index finger, sequentially backward and forward) to
their palm, approximately one tap per second. Echo planar
images were acquired using a GE 1.5T scanner with TR of 2
seconds and TE of 40 milliseconds. The boxcar design par-
adigm used 75 scans at rest followed by 75 scans during the
task. MEDx computer software (MEDx 3.2, Sensor Systems,
Sterling, VA) was used to correct for head motion (automatic
image registration [AIR] 3.08), Gaussian smoothing with

10mm full-width at half-maximum, voxel-by-voxel linear de-
trending of the time series, and t test between task versus rest
conditions. A Z-score over 4 was chosen as the thresh-
old.12,13 These functional maps were fused to a T1-weighted,
contrast-enhanced, three-dimensional MRI data set (SPGR)
using MEDx computer software. Thus, an MRI surface im-
age of the cerebral cortex with the activated areas shown by
fMRI was created.14,15

Temporary Occlusion of Arteries
To examine the basis of the IR signal from the brain (blood
flow vs cortical metabolic activity), when cortical incision
was indicated during temporal lobectomy, we occluded a
small (approximately 0.5mm diameter) surface artery, the
distribution of which was to normal-appearing superficial
cortex within the tissue to be excised, for 1 minute with a
temporary aneurysm clip. IR imaging began 30 seconds be-
fore occlusion and continued until 60 seconds after occlu-
sion.

Data Analysis
Successive trials of IR images were acquired with at least 1
minute between trials, consisting of periods of rest (baseline)
and activation (stimulation) and were stored (Axil Ultima
workstation; Axil Computer, Santa Clara, CA). To analyze
the data on-line (ENVI software; Research Systems, Boulder,
CO), we calculated normalized difference images (pixel-by-
pixel the mean baseline values were subtracted from stimu-
lated values and divided by the mean baseline values) to de-
fine the topography of functionally induced thermal
gradients. Trials with minimal motion artifact were used
without signal detrending, filtering, or averaging. For visual-
ization of an intensity map in the operating room, the differ-
ence image with maximal signal intensity was color-coded.

In instances of multiple images with maximal signal inten-
sity, an image and epicenter were selected for further analy-
sis. To minimize subjectivity, we performed Student’s t test
for each IR trial off-line to determine significant differences
in pixel intensity between groups of images collected during
periods of rest and activation. The test was performed for
each pixel and one image, a Z-score parametric map, was
generated for each trial (MEDx 3.2, Sensor Systems). To de-
termine which pixels in the Z-map achieved statistical signif-
icance, we performed Bonferroni correction, counting all
pixels in the Z-map in the multiple comparison correction.
The corresponding Z-value threshold was 4.8. Thus, a single
“activation” image comprising all pixels meeting the defined
criteria was produced.

To preserve in a single map a statistical measure of the
frequency of functional activation, we calculated a frequency
distribution map (three patients, selected based on the com-
pleteness of the data set of functional tasks) for off-line IR
image analysis. Normalized subtraction maps were calculated
for each trial (pixel-by-pixel the mean baseline values were
subtracted from stimulated values and divided by the stan-
dard deviation of baseline values). If a pixel in the subtrac-
tion map had a value greater than 2 (2 standard deviations
from mean baseline value), it was considered to be active,
assuming a normal distribution of baseline pixel intensities.
Only the activation portion of normalized subtraction maps
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were combined to produce a frequency distribution map in
which the value of each pixel represents the number of times
this pixel is considered active. Therefore, higher pixel values
on the frequency distribution map represent the frequency of
functional activation in the different cortical areas.

Two graphs were created to represent the temporal IR re-
sponse for each trial (1) intensity versus time (from a region
of interest considered active on the Z-score map), and (2) the
number of active pixels versus time extracted from normal-
ized subtraction maps.

An Automatic Image Registration software package16 was
used for motion reduction between IR images for each indi-
vidual trial before Z-score maps, subtraction maps, or fre-
quency distribution maps were calculated.

Validation of Cortical Localization
For each case, the following images were imported into
Adobe PhotoShop 5.01 (Adobe Systems, Mountain View,
CA) for off-line data analysis: (1) IR background image, (2)
IR functional images (one Z-score parametric map for each
trial of functional activation), (3) digital photograph of the
cortical surface, (4) digital photograph of the tickets repre-
senting the SSEP map, (5) the intraoperative cortical stimu-
lation map, and (6) the activated voxels on fMRI were pro-
jected on the three-dimensional representation of the
exposed cortical area. These images were placed in separate
layers, scaled, rotated, coregistered, and superimposed using
anatomic landmarks.

The layered images were analyzed by evaluating the degree
of agreement between the functional areas indicated by in-
duction of temperature gradients (IR) and the areas identi-
fied by the standard techniques for operative cortical map-
ping and by fMRI. For intraoperative cortical stimulation
the extent of the cortical area subserving a specific cortical
function was defined by a circle (radius, 5mm) with its cen-
ter at a positive stimulation site,17 and for SSEP localization
of the central sulcus was by a circle (radius, 15mm) with its
center at the midpoint between electrodes showing a SSEP
phase change. For fMRI, a three-dimensional representation
of the exposed cortical area was displayed with the activated
voxels identified at a depth of up to 3mm from the cortical
surface by fMRI projected on the surface. For each case, the
relationship of standard and IR localization was categorized
with a three-letter scale: “A,” IR focus within the area deter-
mined by standard localization, “B,”IR focus partially
(�1mm2) inside and partially outside the area determined by
standard localization, and “C,” IR focus outside the area de-
termined by standard localization. The average category be-
tween three IR trials for each sensory and motor functional
task (underlined letters in the Table) was used to compare
the standards with the IR localization.

Results
Baseline Infrared Imaging with Exposed Cortex
Baseline IR images showed cortical temperature heter-
ogeneity between 27 and 34°C (Fig 1A). The images
included multiple irregular thermal compartments
(warm and cool patches) and distinctive vascular pat-
terns. Comparison of visible light and IR background
images showed that the warmest sites corresponded to
the superficial vasculature (see Fig 1A–C). The coolest
sites were in the center of exposed gyri. Multiple small
vascular elements were present between the warmest
and coolest patches. Arteries appear bright (high tem-
perature), the cortical surface appears dark gray (low
temperature), and veins appear light gray (intermediate
temperature). The temperature gradient between arter-
ies and veins was 1.5 to 2.0°C and between veins and
brain parenchyma was 0.2 to 1.0°C. Some showed no
temperature gradients with surrounding brain and
therefore were not visible on the IR image. Some small
diameter vessels of high temperature (arteries) appeared
to have a larger diameter on the IR image than their
size at surgery on visible light photographs.

Direct IR observation of superficial cerebral arteries
showed pulsatile segmental perfusion (rhythmic con-
traction and dilation). Less IR pulsatility was detected
in the veins and almost none occurred in parenchyma
(Fig 2).

Generally, the topical location of surgically verified
lesions was identified by a low temperature or high
temperature at the site of the lesion relative to the sur-
rounding cortex (see Fig 1A). Although the epicenter
of tumor involvement often could be distinguished
from adjacent brain, temperature heterogeneity oc-
curred within individual lesions (report in preparation).

Functional Infrared Imaging
Neural activation elicited reproducible temperature in-
creases (0.04–0.08°C) within the primary somatosen-
sory cortex during median nerve stimulation, in the
sensorimotor cortex during repetitive hand movements
and finger tapping, and in language areas during
speech production (intensity map). The sites of maxi-
mum functionally induced temperature colocalized
with individual segments of small vessels (mainly pial
arteries and arterioles) and at parenchyma sites which
did not follow the surface patterns of individual gyri
(see Table).

Fig 1. Intraoperative infrared (IR) images of the exposed cortex in a patient with a right frontal oligodendroglioma (Patient #1;
frontal is left upper corner, vertex at bottom). (A) On the baseline IR gray scale image, the surface vessels, especially the arteries,
appear lighter (warmer) than the surrounding cortex. The IR emission from the cortical region overlying the tumor (arrow in A) is
lower than the surrounding cortex. (B) The functional IR pseudocolor image (intensity map) produced during contralateral median
nerve stimulation identifies a discrete area of increased IR emission. (C) Intraoperative visible light photograph identifying the ex-
posed cortical region activated by somatosensory stimulation (arrow).

‹
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Figure 1
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Although the initial temperature responses were de-
tected as early as 100 milliseconds, peak IR responses
occurred 5 to 7 seconds after stimulus onset. The in-
tensities of the IR responses varied with different tests,
with the lowest magnitude IR responses occurring with
median nerve stimulation and the highest with the re-
petitive motor test (ball squeezing). Only the highest
intensity IR responses (exceeding the 90th percentile)
were spatially confined to regions identified as func-
tionally active by the intraoperative cortical stimulation
map and the SSEP map. In most instances, lower in-
tensity IR responses (50th to 90th percentile change in
intensity from baseline) arose in the vicinity of the
maximum responses and occurred frequently at sites re-
mote from the sites of maximum response.

The shape and number of discrete sites exceeding
the 90th percentile, as well as the number of activated
pixels within each site, varied from image to image
within a single IR trial. The intensity of the IR signal
changes and the number of activated pixels in the pri-
mary motor cortex were synchronized with motor ac-
tivity during sequential ball squeezing (Fig 3A). Sites in
the premotor area, primary motor cortex, and primary
sensory area were activated sequentially over 0.5 to 4.0
seconds during this motor task (see Fig 3B). This was
clearly observed in four patients but was not observed
in the other seven patients who performed this task.
The most intense IR responses evoked by language

tasks were restricted to the receptive (Wernicke’s) and
expressive (Broca’s) speech areas (four of six patients),
defined by intraoperative cortical stimulation mapping
(Fig 4). Additional cortical areas were activated to a
lesser degree (see Fig 4).

Comparison of the intensity, Z-score parametric,
and frequency distribution maps did not show substan-
tial differences in the spatial distribution of thermal
gradients between these three methods of analysis, al-
though for all three maps the extent of the IR activa-
tions varied with the analysis threshold chosen. To
minimize subjectivity for comparison between IR and
standards for cortical localizations, we chose only the
Z-score parametric map approach, and the same p
value less than 0.01 (Z-scores between 5 and 15) was
used for all patients.

Variability in the location, number, size, and shape
of activated sites was observed on Z-score maps among
patients for the same sensory, motor, and language
tests. Within subjects, the number, size, and shape of
IR responses varied between single trials, but the pixels
with maximum Z-score values were spatially colocal-
ized to regions of activated cortex as defined using the
standards. During median nerve stimulation, the most
intense pixels on the Z-score maps for IR responses
evoked were partially or fully restricted to the somato-
sensory and motor cortex (Fig 5) defined by intraop-
erative cortical stimulation mapping and SSEP map-

Fig 2. Temperature profiles for superficial
artery (red), vein (blue), and parenchyma
(green) extracted from 100 infrared (IR) im-
ages collected during 15.4 seconds of direct
observation of exposed human brain. The
same region-of-interest size (2 � 2 pixels)
was chosen for the different vasculature and
cortical sites. Note cyclic temperature alter-
ation (pulsatile segmental perfusion of the
cerebral artery) related to heartbeat and that
the temperature of the vein is intermediate
between the temperature of the artery and the
brain surface.
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ping (see Fig 5) in 16 of 18 patients. Among the 18
patients in whom the sensory cortex was exposed at
surgery, the sensory region detected by the established
Z-score threshold during a sensory task was entirely
(three patients, category “A” result) or partially (13 pa-
tients, category “B” result) within the positive response
circle. There were two cases of discordant sensory lo-
calization (“C” result; see Table).

During motor tasks the most intense sites of activa-
tion were partially or fully located in the sensory-motor
areas (Fig 5G,H). A match between intraoperative cor-
tical stimulation and IR localization of motor areas (Z-
score map) was achieved for the 11 cases (1 “A,” 10
“B,” 0 “C”) in whom motor function was tested. The
most intense sites of IR activation were colocalized
with fMRI sites of activation in four of six patients
with fMRI voxels of up to 3mm from the cortical sur-
face (see Fig 5C). In three patients, the voxels activated
on fMRI did not reach within 3mm of the surface.

With the stated threshold (Z-score map with p �
0.01) in 18 of 20 patients pronounced increases in the
value of the IR-derived Z-score map during sensory
and motor tasks occurred in the same regions identified
by the standard mapping procedures (see Table).

Among the six analyzed cases in which language cor-
tex was exposed, colocalization of language-related ar-
eas occurred in four patients (4 “B”, 2 “C”). In the
“C” patients, in whom no focal activation was detected
with IR images, standard mapping localized Wernicke’s
area to a posterior portion of the left superior temporal
gyrus that was discolored because of tumor infiltration
and was hypovascular because of radiation injury. In
two of six awake patients in whom Broca’s area was
exposed the motor and language tests produced en-
hanced temperature (Z-score map) in Broca’s area.

Infrared Imaging During Vessel Occlusion
Temporary occlusion of a small cortical artery (four pa-
tients) immediately reduced the IR signal from the oc-
cluded vessel and from the cortical region perfused by
it. The IR signal rapidly returned to normal after the
occlusion was relieved.

Discussion
Basis of Infrared Imaging of the Brain
The camera used in this study is sensitive to IR pho-
tons emitted from the brain as a result of natural IR
radiation. The energy of IR photons emitted from
deeper brain structures is attenuated by surface tissues.

Arterial blood at core temperature is warmer than
the exposed brain surface, which has been cooled by
evaporation and room air.18–20 Therefore, local micro-
vascular CBF can be used as an endogenous, natural
thermal contrast agent for IR monitoring of the brain
during surgery. To characterize the contribution of

CBF in the IR signal, we analyzed the convective com-
ponent of heat transfer. If arterial blood is at core tem-
perature, takes on the temperature of deeper brain re-
gions, and carries this heat to the surface, the major
factors that influence the convective distribution of
heat can be estimated as:

QCBF�C � �B � CBF � �T

where QCBF is the convective component of heat trans-
fer, C (specific heat capacity of the blood) is 0.93cal �
gm	1 � degree	1, pB (blood density) is 1gm � ml	1,
CBF is 0.8 ml � gm	1 � min	1 for human cortex gray
matter,21 and 
T is the temperature gradient between
the depth of the cortex and the surface. In our studies
(temperature measurement on the cortical surface and
within sulci using thermocoupling at surgery) and in-
traoperative studies by others,19 it averaged 2.0°C .
Thus, QCBF�1.49cal � gm	1 � min	1. If we assume
temperature differences of arterial blood at a core
temperature of 37°C and a surface temperature of
31°C (see below), the heat presented to the brain sur-
face by arterial flow is even greater (�4.46cal � gm	1 �
min	1).

For intact brain, the amount of metabolic heat lo-
cally generated per gram of brain is 0.16cal � gm	1 �
min	1.22 Because the cortical temperature in this study
was measured as 31°C average, the metabolic rate of
the cortex and its accompanying metabolic heat pro-
duction are depressed even further, enhancing the dif-
ference between the CBF-related and metabolic heat–
related values. Furthermore, during functional
activation local increases in the activity of neuronal as-
semblies induce regional variations of blood flow and
blood volume, glucose utilization, and oxygen con-
sumption. Local CBF increases by local vasodila-
tion.23,24 Positron emission tomography studies have
shown CBF changes of 30% during somatosensory
stimulation.25 Therefore, the heat contributed by CBF
is 10 to 30-fold higher than is contributed by brain
metabolism. Finally, occlusion of small arteries at sur-
gery produced an immediate and significant decrease in
temperature in the artery distal to the occlusion and
the tissue perfused by it, as we have described previ-
ously in animals.20

The sensitivity of the IR camera for temperature,
space, and time demonstrated a rapid decrease in tem-
perature during the fraction of a second occupied by
diastole, during which blood flow is interrupted (see
Fig 2). This clearly indicates not only that the temper-
ature of arterial blood rapidly decreases at the cortical
surface, but also indicates the delivery of blood at
higher temperature during systole. The cortical veins,
which reach the surface from deep brain areas, have a
temperature that is higher than the superficial brain
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Fig 3. Figure and legend continue.
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temperature, reflecting the higher temperature of the
brain at deeper levels. Because the main contributor of
brain surface temperature gradients during intraopera-
tive conditions is CBF, the detected functionally
evoked IR signals are directly dependent on evoked lo-
cal CBF. Thus, the local increases in cortical CBF in-
duced by neuronal activation should be seen on IR
functional images and, because local cortical capillary
CBF is tightly linked in time and space to neural func-
tion,7,8 IR functional images should map in a manner
that depicts cortical activation.

The temporal analysis of IR activation showed that
the vascular system responds immediately (100–1,000
milliseconds or faster) after functional stimulation,
whereas the peak intensity of the IR response occurred

at the same latencies as the well-described fMRI re-
sponse (5–10 seconds after stimulus onset).26,27

Mapping of Cortical Function: Correlation of
Infrared and Conventional Approaches
Sites of maximum signal on the “functional” IR maps
overlapped with localization by the IR, ICS, and fMRI
techniques. In every instance but four, the cortical sites
showing maximum temperature change from baseline
during sensory, motor, or language tasks were located
in the same regions identified by SSEP and intraoper-
ative cortical stimulation mapping. The distribution of
the changes in IR signal induced by functional tasks
also overlapped with the areas defined by fMRI as be-

Fig 3. (continued.) (A) Functional infrared (IR) images of the brain during serially squeezing a ball in the contralateral hand
(motor task). Six IR images (pseudocolored intensity map) were chosen among 100, registered, and layed over a digital image of the
exposed cortex (gray). Each image represents temperature changes of the cortex during individual squeezes of the ball at 4, 10.9,
14.5, 18.9, and 22.5 seconds after the command was initiated (see B, blue graph). Note that the intensity of the IR signal and the
number of activated pixels changes from squeeze to squeeze in the primary motor and sensory cortex. (B) Temporal aspect of IR
responses evoked by the motor task (ball squeezing). Chosen automatically from a reconstructed Z-score map, three distinct regions of
interest (each of 10–15 pixels of maximum Z-value) were transferred to a normalized difference IR images set. After that, the tem-
perature profiles (IR intensity vs time) were plotted from 100 normalized difference IR images collected during 36.4 seconds, 12.7
seconds of baseline, and 23.7 seconds of serially squeezing a ball in the contralateral hand (starting at image 35). Note the sequen-
tial increase of the latency period (time to the onset of temperature change) for different regions identified as premotor cortex (yel-
low), primary motor cortex (blue), and sensory cortex (red). Temperature profiles extracted from an area not involved with func-
tional activation are shown on each graph (black) for comparison.
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ing activated during similar tasks. However, functional
IR imaging showed several important differences.

Rapid and Continuous Imaging Is Provided
The IR method allowed us to rapidly (as rapidly as
every 14 milliseconds) and continuously acquire from
the exposed cerebral cortex an image of the distribution
of activation in response to initiation and maintenance
of a functional task or in response to median nerve
stimulation. This contrasts with the comparatively pro-
longed interval (seconds to minutes) required to ac-
quire each image with conventional techniques of func-
tional imaging or functional localization.

Infrared Imaging of Brain Function
An advantage of the IR mapping approach is that it
permits rapid acquisition of a continuous surface image
of activation, showing the distinct shape and borders of
areas of activation within the exposed cortex with high
sensitivity and precision (100–350�m in this study).
Thus, it allows continuous assessment of sites of acti-
vation simultaneously over a wide cortical region. In
contrast, other available techniques permit only assess-
ment of discontinuous discrete areas (1) each at a sin-
gle instant (cortical stimulation), the function of the
intervening cortex requiring estimation by mental in-
terpolation, or (2) the product of an accumulation of
signals over an extended interval at a single (somato-

sensory evoked potentials [EP]) or multiple (fMRI)
sites. Differences in mapping methodology may explain
the differences in the distribution of activation detected
using the various approaches in this study. Further-
more, the ability to detect functional activity without
averaging significantly contributes to the study of cor-
tical dynamics.

Distribution of Function
Although the location of the IR epicenters (using the
intensity maps, Z-score maps, and frequency distribu-
tion maps) corresponded with the functional locations
demonstrated by the intraoperative cortical stimulation,
somatosensory, and fMRI maps, the IR activation was
more widespread than was detected with the use of the
other approaches.

Analysis of the intensity, Z-score, and frequency dis-
tribution maps while using conservative thresholds
showed the IR response to occur in a spatially confined
area of high intensity, whereas analysis with less con-
servative thresholding showed more widely distributed
areas of low-intensity activation within the somatosen-
sory and motor cortex. The overlapping representations
for sensory and motor tasks on the IR images were in
contrast with the discrete regions without overlap on
cortical stimulation maps (see Fig 5). The distribution
detected by IR imaging may include association cortex
underlying the motor imagery and movement prepara-

Fig 4. Functional infrared (IR) image of the brain during naming an object (verbal task). The IR image with maximum signal
intensity was chosen among 100, registered, and layed over an magnetic resonance imaging–derived three-dimensional image of the
patient’s head (Patient 16). Note that the site of the maximum intensity of the IR signal (yellow, A) and the site where intraopera-
tive cortical stimulation evoked speech arrest (Wernicke’s area, ticket 20 on exposed cortex, B) have the same location. Note activa-
tion of additional cortical areas during naming (A).
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Fig 5. Comparison of infrared (IR) imaging
with standard cortical mapping and func-
tional magnetic resonance imaging (fMRI).
Adenocarcinoma metastatic to the right
frontal and parietal lobes (Patient 18, same
patient as in Fig 3). (A) Preoperative three-
dimensional MRI image of the head. (B)
Background intraoperative IR image. (C)
Areas activated on fMRI by finger tapping
are shown in white. Three-dimensional
colorized image of the tumor (purple) and
surface veins (blue) obtained from contrast-
enhanced MRI and displayed in the same
orientation as the intraoperative images.
(D) Intraoperative digital photograph of the
cortex. (E) Tickets indicating the results of
direct cortical stimulation: motor responses
(2, 3, 5, 7, and Q), sensory responses (11,
15, and 16), no response (Z, P, H, X, N,
S, D, A, and R). Functional IR responses
(color sites, overlaid gray cortical photo-
graph) were evoked by median nerve stimu-
lation (F), hand squeezing (G), and finger
tapping (H). In G, a 10mm circle has been
drawn around the site where cortical stimu-
lation evoked flexion of the contralateral
hand. During finger tapping, 54% of the
activated pixels on the fMRI image (C)
were colocalized with activated pixels on the
functional IR image (H). MRI representa-
tion of patient’s head (A) with fiducial
markers (a) was used as a template on
which all other images were superimposed.
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tion that is followed by the motor act. Similarly, anal-
ysis of the language tests using a less conservative
threshold (reasonable elements corrected critical thresh-
old28) showed multiple areas of activation, including
areas outside the traditional sites to which language has
been assigned, suggesting that additional regions are
used for the complex cognitive aspects of language/
speech production and that they can be detected by IR
imaging.

The extent of activation on IR images by a motor
performance was much larger than the area required to
elicit the movement by electrical stimulation. The de-
tailed IR-derived spatial maps of activated cortical re-
gions during motor performance provide evidence
against the hypothesis that somatosensory and motor
areas contain single, discrete, topographically organized
regions for motor control. Rather, the distribution ob-
served via IR mapping was more widely spread and
comprised spatially segregated, cluster-like sites that did
not appear to be organized topographically around an
epicenter. These findings are consistent with the recent
observations of others29 and their proposals that the
activation of the cortex for motor function is more dis-
tributed and more complex29	31 than the discrete loci
demonstrated by brief cortical stimulation during sur-
gery or by the noninvasive functional imaging tech-
niques.

Because the distribution of activation on the IR im-
ages was more widespread than the cortical stimulation
maps, it was not possible to use the IR activation maps
to determine maximal safe tissue resection. Whether
the IR approach can be modified to more accurately
provide this function remains to be determined.

Observations via Capacity to Image a Wide Area of
the Cerebral Cortex with High Resolution in Space
and Time
During median nerve stimulation multiple sites of ac-
tivation were limited to the somatosensory and, to
lesser degree, the motor areas, without a temporal dis-
tinction of their activation. This is consistent with the
hypothesis that the primary motor and sensory cortical
representations of the hand overlap are functionally in-
tegrated and are not divided in a simple manner by the
central sulcus.29,31

Sequential activation of sites in the supplementary
motor area as well as in the primary motor and sensory
cortex during performance of a motor task was dem-
onstrated (see Fig 3), suggesting the existence of a
functionally connected, time-coordinated cortical net-
work within the area of activation .

Within subjects, from trial to trial and from image
to image during a single trial, the shapes of the IR
responses varied but did so within the limits of a se-
lective, spatially confined region of the sensory-motor
cortex. The number of activated pixels, their spatial ex-

tent, and their precise location changed (note change
from squeeze 1 to squeeze 6 in Fig 3), an observation
that is consistent with recruitment of new neuronal el-
ements in the motor task. Both local vasodilation
(volumetric expansion in individual vessels already per-
fused) and recruitment phenomenon (changes in the
proportion of vessels perfused during different stages of
functional activation) may be reflected in these series of
images. Such plastic changes (moment by moment lo-
cal readjustment to changing functional demands) do
not have the potential to be observed using other ap-
proaches for detecting brain function in humans.

By providing information on the spatial and tempo-
ral patterns, anatomical extent, and spatial constraints
of altered sensory-motor representation, IR imaging
may prove to be a useful approach to study brain func-
tion.
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